Additional cohesin loaded at the centromere helps to facilitate proper chromosome segregation. A new study reveals the mechanism by which kinetochores recruit the cohesin loader to establish centromere cohesion.
Additional cohesin loaded at the centromere helps to facilitate proper chromosome segregation. A new study reveals the mechanism by which kinetochores recruit the cohesin loader to establish centromere cohesion.
Cohesin has a number of different functions in the cell that are important for maintaining genome integrity and organization [1] . The essential role of cohesin is to establish sister chromatid cohesion by forming ring-shaped complexes that encircle sister chromatids as they are replicated in S phase. Additional cohesin is also loaded at the centromere and extends into the surrounding pericentromere region [2, 3] . In addition to providing cohesion at the centromere, the enriched cohesin also helps organize pericentromeric chromatin into higher-order loops that facilitate centromere function [4] [5] [6] . A failure to load additional cohesin at the centromere results in an increase in chromosome mis-segregation [4, 7, 8] . Because of the importance of enriched pericentromeric cohesin in chromosome segregation, a key question in the field of chromosome biology is how cohesin is recruited directly to the centromere. Many of the proteins involved in centromeric cohesin recruitment have been identified; however, the mechanism of how those proteins interact for centromeric cohesin enrichment remained elusive. A new study by Hinshaw et al. reveals key structural details for a mechanistic understanding of centromeric cohesin recruitment in budding yeast and in vertebrates [9] .
Cohesin is a ring-shaped complex made up of three core conserved components, Scc1, Smc1, and Smc3, that is loaded onto chromatin by the Scc2-Scc4 cohesin loader [1] . In budding yeast, the Scc2-Scc4 complex is strongly enriched at the 125bp core centromere. Once loaded, the cohesin extends to a 50 kb domain around the centromere known as the pericentromere [10] [11] [12] [13] [14] . Interestingly, cohesin is needed for Scc2-Scc4 enrichment at the centromere; Scc2-Scc4 can only localize once the Scc1 subunit of cohesin is produced in late G1 [15] . These results led to the proposed model that the cohesin loader brings cohesin to the centromere, where it is released for further extension into the pericentromere region.
A pioneering study with the aim of identifying cohesin-loading sites found that centromeres were needed for establishing pericentromeric cohesin enrichment and implicated the kinetochore in directing the site of loading [3] . Using mini-chromosomes, which contain a centromere and ARS element, Megee et al. [3] found that cohesin was enriched in the pericentromere region. Excision of the centromere from the minichromosome in G1 phase resulted in loss of the enriched cohesin. Deletion of the CDEIII element within the core centromere, which binds to kinetochore proteins, also disrupts cohesin enrichment, leading the authors to propose that the kinetochore was needed for cohesin loading in the pericentromere. Further studies using temperaturesensitive and deletion mutants of kinetochore proteins identified the inner kinetochore protein Ctf19 and other Ctf19 complex components as important for Scc2-Scc4 recruitment to the centromere and for establishing cohesin enrichment at the pericentromere [4, 7, 8, 15] .
Recent work from the Marston and Harrison groups determined the mechanism of recruitment of the cohesin loader by building upon two previous findings. First, they had earlier solved the crystal structure of Scc4 bound to the amino terminus of Scc2 [16] . This structure revealed a conserved patch of amino acids on the surface of Scc4 that could function as a putative binding site for a phosphorylated protein. Mutating the patch did not affect arm cohesin but resulted in a loss of pericentromeric cohesin and the failure of Scc2-Scc4 to localize at centromeres. Second, the Tanaka lab showed that DDK, the Dbf4-dependent kinase, localized to kinetochores in a Ctf19-dependent manner [17] . DDK was required for the loading of Scc2-Scc4 at kinetochores to establish pericentromeric cohesion. These results implicated a connection between DDK, the Ctf19 complex, and Scc2-Scc4 loading.
With this information in hand, Hinshaw et al. sought to determine the substrate of DDK important for Scc2-Scc4 recruitment [9] . They first used pull-downs to identify DDK binding partners at the kinetochore and found the Ctf19-Mcm21 dimer and Ctf3. To identify DDK substrates, they purified DDK from yeast and used in vitro kinase assays to show that DDK phosphorylated the Ctf19-Mcm21 complex but not Ctf3. By narrowing down the phosphorylation sites, they identified nine serine and threonine residues in the amino terminus of Ctf19 arranged in three near-repeat sequences. By mutating all 9 residues to alanine they created an allele of CTF19, ctf19-9A, that was not phosphorylated by DDK in vitro. In vivo, the ctf19-9A mutant had reduced Scc2-Scc4 localization at the kinetochore and showed reduced pericentromeric cohesin. Further refinement showed that phosphorylation of three of those sites closest to the amino terminus were necessary for Scc2-Scc4 recruitment to the kinetochore. Although Ctf3 was not a substrate of DDK, it was required for DDK recruitment to the kinetochore and for Scc2-Scc4 enrichment at the kinetochore. These results suggest that Current Biology 27, R1305-R1329, December 18, 2017 ª 2017 Elsevier Ltd. R1319 Current Biology
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Ctf3 binds DDK at the kinetochore and DDK phosphorylates Ctf19 at the amino terminus to recruit Scc2-Scc4 to the kinetochore (Figure 1 ).
They used several methods to demonstrate that Scc4 directly binds phosphorylated Ctf19. First, they used pull-downs of two complexes, Scc4 bound to the amino terminus of Scc2 (Scc2 1-181 -Scc4) and Ctf19-Mcm21. The interaction between the two complexes only occurred when first treated with DDK. Second, they mutated the three residues in the conserved surface patch on Scc4 that they had identified in the crystal structure (Scc2 -Scc4 m3 ) [16] . The Scc2 1-181 -Scc4 m3 complex no longer associated with Ctf19, implicating the surface patch in the interaction of Scc2-Scc4 with Ctf19. Finally, they solved the crystal structure of a phosphorylated amino-terminal peptide of Ctf19 bound to Scc2 1-181 -Scc4. They modeled the key Ctf19 phosphorylated residues on the crystal structure and found that two of the phosphorylated residues made electrostatic interactions with two lysine side chains protruding from the surface patch of Scc4 that were previously identified as important residues for centromere cohesin loading.
These results led the authors to propose a two-step model for cohesin loading at the centromere (Figure 1 ). In step 1, kinetochores are specified as preferred loading sites for cohesin -DDK binds to the Ctf3 subunit of the kinetochore and phosphorylates the amino terminus of Ctf19. In step 2, the cohesin loader is recruited to the centromere -Scc2-Scc4 binds to phosphorylated Ctf19 and then loads cohesin at the centromere. Because the loading of Scc2-Scc4 requires cohesin, step 2 occurs at the end of G1 phase/ early S phase when the Scc1 subunit of cohesin is produced [15] . From there, the cohesin extends into the pericentromeric region.
Cohesin is enriched at the centromere in many different organisms, leading to the question of whether the mechanism of recruitment is conserved. Some aspects of these findings are likely conserved in other organisms. For example, in vertebrates, DDK is required for cohesin loading onto chromatin [18] . Hinshaw et al. tested whether the conserved patch on the Xenopus laevis Scc4 homolog Mau2 is also required for cohesin loading [9] . They mutated the analogous residues in the conserved patch and found that the mutant Mau2 no longer associated with chromatin, suggesting that the conserved patch on Mau2 is also important for cohesin recruitment. Some other aspects of the model are likely not conserved. For example, the phosphorylated residues of Ctf19 did not have obvious candidate residues in the X. laevis Ctf19 homolog CENP-P. Furthermore, in Schizosaccharomyces pombe, the heterochromatin protein Swi6, which is also needed for kinetochore function, is required for pericentromeric cohesin enrichment [19, 20] . Nonetheless, the actual kinetochore receptor may be unknown, but DDK is likely to phosphorylate a protein recognized by the conserved patch on Scc4 to recruit the cohesin loader to the kinetochore. Overall, the discovery of the mechanism of kinetochore recruitment of the cohesin loader has solved a long-standing problem in chromosome biology. Step 1: Kinetochore specification
Step 2: Cohesin loader recruitment The kinetochore (grey oval) is shown with the Ctf19-complex components highlighted (proteins shown in green, black, and aqua). In step 1, the kinetochore is specified for recruitment. DDK is recruited to the Ctf3 protein and phosphorylates residues on the amino terminus of Ctf19. In step 2, the cohesin loader binds. Scc2-Scc4 is bound to cohesin before kinetochore loading. The basic patch on the Scc4 component of the Scc2-Scc4 cohesin loader binds to phosphorylated Ctf19.
The detection of a mismatch between our predictions and what actually happens allows us to learn from our errors. New research indicates that midbrain dopamine neurons encode multiple types of error signals and contribute to multiple forms of error-driven learning. Regarding the first question -when does learning occur -experimental psychologists quickly discovered that simply pairing a cue with a reward was not sufficient for learning: rather, for an association to be formed between a cue and the delivery of food, the rewarding outcome has to be surprising. In other words, the organism has to detect a prediction error, a mismatch between prediction and the actual experience. This prediction error acts as a teaching signal to promote learning when needed, and of course when the predictions do not match reality is exactly when learning is most beneficial. The essential role of prediction errors in associative learning is illustrated in the phenomenon of 'blocking': in blocking, the formation of an association between a target cue (say, a tone) and a paired reward is prevented if the subject already expects the reward on the basis of other environmental cues. By our discussion above, in this situation, reward delivery does not result in a prediction error (Figure 1) .
The idea that prediction errors drive learning is a highly influential concept in psychology [3] . For a long time this concept remained just that, a concept, and firm biological evidence of these error-correcting teaching signals was lacking. The first clue that error-correcting teaching signals are encoded in the brain came from electrophysiological recordings of the activity of midbrain dopamine neurons in primates. The
